It has become clear recently that bacteria contain all of the cytoskeletal elements that are found in eukaryotic cells, demonstrating that the cytoskeleton has not been a eukaryotic invention, but evolved early in evolution. Several proteins that are involved in cell division, cell structure and DNA partitioning have been found to form highly dynamic ring structures or helical filaments underneath the cell membrane or throughout the length of the cell. These exciting findings indicate that several highly dynamic processes occur within prokaryotic cells, during growth or differentiation, that are vital for a wide range of cellular tasks. With the adaptation of cytological techniques, it has become clear that bacteria possess an elaborate subcellular organization. Chromosomes are compacted into nucleoids that are present in the central part of the cell and have a defined arrangement, with each region having a preferred position within the cell [1] [2] [3] . Ribosomes are located in the cytosolic space surrounding the nucleoids, and thus are predominantly close to the cell poles, whereas RNA polymerase is present on the nucleoids themselves [4, 5] . This general separation of transcription and translation is a dynamic process that is dependent on active transcription [6] . Replication, however, occurs at a centrally located, stationary replication factory [7] , such that the chromosome moves through the replisome during replication, and duplicated regions on the chromosome are actively separated towards opposite cell poles by an as yet unidentified motor [8] . The SMC (structural maintenance of chromosomes) chromosome condensation complex localizes to one or two discrete foci on the nucleoids, which is dependent on timing during the cell cycle [9] [10] [11] . Several essential histidine kinases localize to the cell poles at different times during the cell cycle in Caulobacter crescentus [12] and the chemotactic machinery is present at one or both cell poles in several bacteria [13] . In addition, although bacterial cells can be round, vibrio-shaped (crescents) or rod-shaped, all cells divide in the middle to create two similar-sized daughter cells, with the division machinery localizing to the middle of the cells [14] in the form of a constricting ring. How is this subcellular organization achieved? At least in some cases, the clear answer is by way of cytoskeletal elements.
Introduction
In December 2003, our understanding of bacterial cytology was enriched by the discovery of another structural element -the intermediate filament -in Caulobacter, revealing that the bacterial cytoskeleton is far more intricate than previously thought. All three known cytoskeletal elements in eukaryotes have now been identified in bacteria, and all of them play important roles in diverse cellular functions.
With the adaptation of cytological techniques, it has become clear that bacteria possess an elaborate subcellular organization. Chromosomes are compacted into nucleoids that are present in the central part of the cell and have a defined arrangement, with each region having a preferred position within the cell [1] [2] [3] . Ribosomes are located in the cytosolic space surrounding the nucleoids, and thus are predominantly close to the cell poles, whereas RNA polymerase is present on the nucleoids themselves [4, 5] . This general separation of transcription and translation is a dynamic process that is dependent on active transcription [6] . Replication, however, occurs at a centrally located, stationary replication factory [7] , such that the chromosome moves through the replisome during replication, and duplicated regions on the chromosome are actively separated towards opposite cell poles by an as yet unidentified motor [8] . The SMC (structural maintenance of chromosomes) chromosome condensation complex localizes to one or two discrete foci on the nucleoids, which is dependent on timing during the cell cycle [9] [10] [11] . Several essential histidine kinases localize to the cell poles at different times during the cell cycle in Caulobacter crescentus [12] and the chemotactic machinery is present at one or both cell poles in several bacteria [13] . In addition, although bacterial cells can be round, vibrio-shaped (crescents) or rod-shaped, all cells divide in the middle to create two similar-sized daughter cells, with the division machinery localizing to the middle of the cells [14] in the form of a constricting ring. How is this subcellular organization achieved? At least in some cases, the clear answer is by way of cytoskeletal elements.
In this review, I highlight recent findings on cytoskeletal elements and discuss their essential implications in cell structure, division and DNA segregation.
Prokaryotic tubulin and its role in cell division
In contrast to eukaryotic cells, which use actin (and myosin) or other means, in the case of plants, for cell division, bacteria generally employ the tubulin ortholog FtsZ for this process [15] . FtsZ forms a ring structure in the middle of the cell (slightly off-centre in C. crescentus) (Figure 1a) , and recruits all other known cell division proteins to this site [14] . Jan Lö we's group demonstrated that FtsZ is a tubulin ortholog [16] , which in eukaryotic cells forms microtubules that provide cellular tracks for organelle transport and that form the mitotic spindle apparatus, among other functions. Like tubulin (a dimer of a-and b-tubulin), FtsZ polymerises into hollow protofilaments (which can be straight or curved) as a result of GTP binding (Figure 2a) . Upon filament formation, GTP appears to be rapidly hydrolysed into GDP and inorganic phosphate [17] . The number of filaments that comprise the Z ring is unclear but the ring has been shown recently to be highly dynamic. Using FRAP (fluorescence recovery after photobleaching), the Erickson group showed that the ring is completely remodelled within a timeframe of about 30 s (i.e. that polymerised FtsZ rapidly exchanges with the non-polymerised pool within the cell) [18 ] . Turnover of the polymers was found to correlate with GTPase activity, suggesting that the FtsZ ring consists of many bundles of protofilaments that continuously extend and shrink owing to the addition of GTPFtsZ and release of GDP-FtsZ. However, it remains to be seen how the Z ring constricts, and thus, how cell division is powered. There are several tubulin interacting proteins in bacteria, which modulate the activity of FtsZ: actinlike FtsA protein, membrane protein ZipA (in Escherichia coli and close relatives) and ZapA all stabilize Z rings [19 ,20,21] , while EzrA negatively controls FtsZ polymerisation in Bacillus subtilis [22] . All four proteins are part of the division apparatus and localize as a ring to midcell, whereas the MinC protein inhibits FtsZ polymerisation close to the cell poles. MinC is recruited to the cell poles by MinD; their accumulation at the cell centre is prevented by the MinE protein. The Min system is highly dynamic in E. coli cells, with MinC and MinD oscillating from pole to pole within seconds [23] . Both proteins appear to form transient helical filaments [24 ] , the nature of which is still unclear.
When B. subtilis decides to differentiate into dormant spores, for example, after deprivation of nutrients, the cells divide asymmetrically into a large mother cell and a small compartment that develops into the mature spore [25] . At the onset of sporulation, the central Z-ring is switched from mid cell to two rings close to each cell pole ( Figure 1b and Figure 3 ). Only one ring is chosen to form a septum via a stochastic mechanism [26] . Switching of the Z ring involves formation of spiral intermediates that 566 Growth and development extend from mid-cell towards both cell poles (Figure 3) , due, at least in part, to a three-to-fourfold higher synthesis of the FtsZ protein at the onset of sporulation, and also to stabilization by the sporulation-specific SpoIIE phosphatase that exclusively localizes to the sporulation septum [27 ] . Thus, a morphological switch in the bacterial tubulin ortholog induces an elaborate differentiation process.
Actin-like filaments as dynamic structures that affect cell shape, chromosome segregation and plasmids partitioning By the late 1980s, it was already known that mutation of the mreB gene leads to loss of rod-shape and to the formation of round E. coli, Salmonella typhimurium or B. subtilis cells [28] . Although the loss of the mreB gene in E. coli causes only a drastic reduction in viability, mreB is absolutely essential for viability in B. subtilis, Streptomyces coelicolor and in C. crescentus [29 ,30,31] . B. subtilis contains two other MreB-like proteins, Mbl and MreBH, the depletion of which leads to bent and distorted or banana-shaped cells, respectively [31] [32] [33] . So clearly, these proteins are important for the maintenance of proper cell shape and for viability. Strikingly, the Errington group found that MreB and Mbl form filamentous structures in B. subtilis cells, as revealed by immunofluorescence and GFP (green fluorescent protein) tagging to visualize the proteins [31] (Figure 1c,d ). Both filaments formed helical structures underneath the cell membrane, with Mbl filaments extending from pole to pole, while MreB filaments appeared to be generally absent from the poles. Additionally, the axial advance during one complete revolution of the helix (the 'pitch' of the helix) was measured to be much longer for Mbl filaments than for the MreB structures. These data suggest that MreB filaments control the width of the cell, whereas Mbl filaments control the longitudinal axis of the cell [31] . Like MreB and Mbl, MreBH also forms helical filaments (with properties that seem to lie midway between those of MreB and Mbl filaments), which also influence straight growth of cells [34] . Again, it was Jan Lö we's group who revealed the nature of the helical elements, by showing that MreB is an actin ortholog [35] . MreB forms actin-like double filaments -that is, two MreB strands running in parallel, with the same orientation. These double filaments are rather straight in the case of MreB, but are helical in the case of actin (Figure 2b) . ATP-actin Cytoskeletal elements in bacteria Graumann 567 Later hydrolysis of the GTP bound to the a-subunit destabilizes the polymer, leading to its dissociation, which can happen at both ends. In eukaryotic cells, minus ends are usually stabilized by accessory proteins, such that plus ends perform growing or shrinking dynamics. (b) Actin forms a double helix (both strands are identical in composition). ATP-bound actin adds to the plus end much more rapidly than to the minus end, while minus ends can shrink as a result of polymer instability after ATP hydrolysis. Net growth at the plus end and depolymerisation at the minus end could constitute a 'treadmilling' process, in which the filament appears to move. (c) Intermediate filament-type proteins are rich in coiled coils and have an elongated structure. Formation of long polymers or polymer sheets does not require any cofactor and is reversible, but upon covalent cross-linking of polymer subunits, IFs become stable and can persist after cell death. monomers bind to the plus ('barbed') end of the filaments, while ATP hydrolysis occurs within the filament, leading to net dissociation of ADP-actin from the negative ('pointed') end. Actin filaments can even move and push, through polymerisation at one end and concomitant de-polymerisation at the other end, a process termed 'treadmilling' [36] . Eukaryotic actin forms intracellular microfilaments, which can be stabilized or branched by accessory proteins to serve essential structural functions, or can be highly dynamic, performing different motor tasks [37] . Interestingly, MreB and Mbl have been found to change their pattern of localization during the cell cycle [29 ,38 ] . Using FRAP, the Errington group recently demonstrated that Mbl filaments are dynamic structures that rotate along the helical paths underneath the cell envelope [38 ] . Time-lapse microscopy showed that, indeed, many (apparently) bundles of MreB or Mbl filaments move continuously and in parallel along helical tracks, performing a full helical turn within about a minute [34] . Figure 4 shows a three-dimensional image reconstruction of MreB filaments. The rate of movement is at the lower end of that measured for actin in vivo and in vitro [36] , and could constitute a potential motor within the cells, or a dynamic framework that orients subcellular processes.
What is the function of these dynamic proteins? There are several intricate connections between actins and the cell envelope. Incorporation of new cell-wall material in B. subtilis cells appears to follow a helical pattern that is dependent on Mbl (but not on MreB) [39 ] , suggesting that actin-like filaments might direct cell-wall synthesis to produce a rod shape. Also, several cell-wall synthesizing proteins localize, or appear to localize, in a helical pattern underneath the cell wall in C. crescentus and in B. subtilis, a process that is dependent on MreB in the former cells, but is independent of MreB or Mbl in the latter [29 ,40] .
However, it was shown recently that bacterial actin-like proteins also play a role in the segregation of plasmids and of whole chromosomes. In E. coli, the R1 plasmid localizes to the middle of the cells, where it is replicated. ParR protein binds to a cis site on the plasmids (parC) and interacts with ParM, a plasmid-encoded actin-like protein [41 ] , which forms long filaments, carrying a plasmid at their end [42 ,43 ] . By modulating ParM ATPase activity, ParR appears to direct the extension of the ParM filaments, which drive the plasmid towards opposite cell poles. Overproduction of an ATPase mutant of MreB in E. coli or depletion of MreB in B. subtilis leads to a strong defect in chromosome segregation [33, 44 ]. In B. subtilis, this is apparent even before a change in cell shape is visible. Chromosome origins fail to be properly separated, and because there are indeed cis-acting partitioning sites on the B. subtilis or E. coli chromosomes [45, 46] , it seems possible that extending MreB filaments might push the replicated chromosomal sites apart. However, the filaments might also position or orient the central replication machinery, or components of the segregation machinery. The MreB-interacting protein SetB from E. coli is a membrane protein that also localizes as traversing helical loops and affects chromosome segregation [47 ] , thus providing another link between actin-like proteins and chromosome dynamics. Depletion of MreB in C. crescentus has also been shown to affect chromosome arrangement, as well as localization of regulatory histidine kinases to the proper cell pole [48 ] . It is clear that loss-of-function of actin-like proteins has a highly pleiotrophic effect on cell physiology.
Intermediate filament-like proteins bend the cell C. crescentus cells are vibrio-shaped, and owe this crescent form to the CreS protein, which was found in a visual screen for straight-growing cells [49 ] . CreS is a homolog 568 Growth and development (Figure 2c ). CreS localizes in a filamentous form at the concave side of C. crescentus cells (Figure 1e) , and also forms a filament in stationary cells that are highly elongated and helical [49 ] . CreS was also found along the inner cell curvature along the whole length of these helical cells. Thus, CreS filaments induce bending of the cell, creating asymmetry along the cell length. Similar to eukaryotic proteins forming IFs (such as keratin, which provides mechanical strength in skin cells, or vimentin in endothelial cells), CreS assembles into 10 nm-thick filaments and sheets, without any need for co-factors or energy [49 ] . IF-type proteins are characterized by a high degree of coiled coils and a highly elongated structure, and they reversibly assemble into filaments that are covalently cross-linked to form meshworks, which persist even after the cell dies. Their sequence conservation is low, so it is difficult to locate them solely through sequence comparison. However, IFtype proteins are also present in Helicobacter pylori (a widespread inhabitant of human stomach) and in many other bacterial species [49 ] . With the identification of CreS, it has now been established that none of the three cytoskeletal elements within eukaryotic cells was a eukaryal invention, and it will be interesting to investigate the role and function of IF-type proteins in bacteria other than Caulobacter.
Conclusions
Bacteria possess a dynamic cytoskeleton that achieves a variety of essential tasks, and that appears to have been present in the ancestor of all cells. As tubulin is used for chromosome segregation rather than for cell division, while the opposite is true for the prokaryotic version, and as actin drives cell division in many eukaryotic cells but appears to play a major role in chromosome segregation in bacteria, it is clear that similar cytoskeletal components show a remarkable evolutional plasticity. The presence of cytoskeletal elements in prokaryotes opens up a whole new frontier that is amenable to powerful genetics of microbial systems.
Several proteins move within bacterial cells -usually along helical tracks, -an intriguing recurring theme that is possibly driven through a treadmilling process. These movements somehow orient other processes and polarize cells. Future challenges in this field of moving structural elements include the urgent need to find molecules that interact with actin filaments and with IFs, both on the cytosolic and the membrane side. Even the central division ring comprises highly dynamic filaments, which can form helical filaments during an intermediate step in the cell cycle, thus, it will be interesting to elucidate the individual mechanisms of filament formation, movement and orientation. It is anticipated that further research into bacterial cytology will reveal many fundamental aspects that are relevant for all types of cells, for example, the mechanisms by which proteins find their defined subcellular address. The possibility of gaining a full understanding of such aspects underlines the future potential of this field of research.
Update
It has been shown recently that FtsZ moves along helical tracks in a subset of growing E. coli cells [50 ] . This is a
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